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Objective: To investigate ﬂaxseed as a partial source of protein and an exclusive source of lipids and
ﬁbers in the development of the central nervous system by analyzing hippocampal fatty acid
composition and cognitive and locomotor functions.
Methods: Experimental diets were given to dams during preconception, pregnancy, and lactation
and to their pups after weaning. Female Wistar rats were separated into three groups according to
experimental diet: a control group (CG) and a ﬂaxseed group (FG), fed ad libitum diets, and
a modiﬁed control group (MCG), pair-fed with the FG. After weaning, the pups received their
mothers’ diets. After 30 d, eight males from each group were tested in a Morris water maze to
assess learning, memory, and motor function.
Results: The offspring of FG dams showed a lower body mass than CG dams, probably due to non-
nutritional factors and an imbalance between u-3 and u-6 fatty acids of the seed, and displayed
a higher concentration of a-linolenic acid, possibly suggesting inhibition of arachidonic acid
synthesis. The content of docosahexaenoic acid in the hippocampus was higher in the FG followed
by the MCG compared with the CG. Hippocampal docosahexaenoic acid content correlated with
better spatial memory performance in the FG, whereas arachidonic acid content correlated with
longer time in solving the task.
Conclusion: Flaxseed during perinatal and postweaning periods improves spatial memory to the
detriment of growth. These ﬁndings indicate that there must be caution in encouraging the
maternal intake of ﬂaxseed during pregnancy and lactation.
 2011 Elsevier Inc. Open access under the Elsevier OA license.Introduction
Nutrients such as protein, zinc, iron, selenium, choline,
vitamin A, and folate are important for the structural and func-
tional development of the central nervous system. However,
some types of lipids, such as long-chain polyunsaturated fatty
acids (LC-PUFAs) of the u-3 family, may decisively inﬂuence
determined phases of mental development [1,2]. In fact, the
quality of lipids during gestation and infancy has come to beesenvolvimento Cientıﬁco
mento de Pessoal de Nıvel
ax: þ55-21-2280-8343.
des).
evier OA license.considered a primary determinant for growth, visual and
neurologic development, and long-term health. In this way, the
qualitative selection of lipids in the diet at the beginning of life is
considered to be of great importance [3,4].
The u-3 LC-PUFAs have a wide range of beneﬁcial effects for
several human health conditions. Studies in vitro, in animal
models, and in humans have indicated that u-3 LC-PUFA
concentration affects blood lipid proﬁles, cardiovascular health,
membrane lipid composition, cell signaling cascades, and gene
expression [5–9].
Recent research using LC-PUFAs has focused on the associa-
tion between u-3 consumption and better cognitive develop-
ment in infancy or slower cognition decrease in the elderly
[10,11]. A recent study that administered u-3 fatty acid (FA)
supplements to rats in adulthood and old age showed larger
Table 1
Composition of experimental diets (grams per 100 g; AIN-93)
Ingredients (g) Control diet Modiﬁed
control diet
Flax diet
Protein
Casein* 10.87 (18.48) 10.87 (18.48) 5.43 (13.04)
Flaxseed 0.00 0.00 5.00
Carbohydrates
Cornstarch* 62.08 (54.47) 59.08 (51.47) 52.02 (44.41)
Sugar 10.00 10.00 10.00
Flaxseed 0.00 0.00 7.50
Lipids
Soy oil 7.00 10.00 0.00
Flaxseed 0.00 0.00 10.00
Fibers
Cellulose 5.00 5.00 0.00
Flaxseed 0.00 0.00 5.00
Vitamin mix 3.50 3.50 3.50
Mineral mix 1.00 1.00 1.00
L-cystine 0.30 0.30 0.30
Choline bitartrate 0.25 0.25 0.25
Total (g) 100.00 100.00 100.00
Energy distribution
Energy value
(kcal/100 g)*
358.07 (360.70) 375.07 (377.71) 388.68 (392.51)
Proteins (%)* 11.58 (19.25) 11.05 (18.38) 10.35 (17.35)
Carbohydrates (%)* 68.80 (61.52) 63.11 (56.20) 64.86 (56.91)
Lipids (%)* 19.62 (19.23) 25.84 (25.42) 24.80 (10.61)
* Amounts during pregnancy and lactating periods are presented within
parentheses.
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and better performance in radial maze learning ability in
b-amyloid–infused animals [6]. Another study reported that
when rats with u-3 FA deﬁciency were given DHA supplements
from birth or weaning, theywere able to achieve nearly the same
level of brain DHA and spatial task performance as animals
maintained for three generations on an u-3–adequate diet. In
young adult animals, the degree of DHA and behavioral perfor-
mance recovery depended on the duration of dietary supple-
mentation, with substantial recovery in animals after 6 wk of
treatment [12]. With sows and their piglets, dietary supple-
mentation with different forms of ﬂax, as seed or oil, during late
gestation and lactation has shown signiﬁcant effects on FA
proﬁles, with increased u-3 FAs in maternal milk, carcasses, and
brain tissues in their newborn offspring [13].
It is important to note that one clinical trial in humans
showed that consumption of a-linolenic acid (ALA)-enriched
supplements for a 12-wk period was sufﬁcient to increase
erythrocytic eicosapentaenoic acid (EPA) and docosapentaenoic
acid (DPA) content, which shows the effectiveness of the
conversion and accretion of ALA into erythrocytes, suggesting
that a similar effect may occur in other tissues. The levels of ALA
required to obtain these effects are easily achieved in the general
population through dietary modiﬁcation, suggesting that dietary
ingestion of plant-derived u-3 FAs is sufﬁcient to meet the die-
tary needs of humans [14].
There are many sources of FA used for supplementation. Most
of the food industry uses vegetable oils due to cost. However,
studies performed with LC-PUFAs normally use ﬁsh oils that
have DHA and preformed EPA.
Flaxseed (Linum usitatissimum) is an oily seed that is gaining
ground in the functional food market because of its unique
composition, which includes a larger proportion of ALA (18:3u-3,
>50% of total FA present in the seed). Initially, puriﬁed ﬂaxseed
oil was used in studies with humans in the treatment of symp-
toms of u-3 FA deﬁciency, such as neurologic and visual
disturbances, hemorrhagic dermatitis, folliculitis, and growth
retardation. Currently, ﬂaxseed is gaining widespread use as an
additive in other foods for human consumption and is being
obtained at a low cost [10,15].
In addition to being a great source of u-3 LC-PUFAs, ﬂaxseed
has a large proportion of soluble and insoluble ﬁbers, corre-
sponding to about 30% of its dry weight [16]. Flaxseed also has
antioxidant properties, attributed to its content of phenolic
compounds derived from benzoic and cinnamic acids, coumarin,
ﬂavonoids, and lignan [17,18].
Due to a large number of studies in the literature showing
cognitive improvement with the application of oils rich in u-3
PUFAS and the lack of results using ﬂaxseed as a source ofu-3 FAs
in learning and memory performance in young male rats, the
mainobjective of this studywas to investigateﬂaxseed as apartial
source of protein and an exclusive source of lipids and ﬁber in the
diet offered to dams during the preconceptional, gestational, and
lactation periods and to the litter at a young age. The contribution
of ﬂaxseed in the development of the central nervous systemwas
assessed, investigating the relative composition of hippocampal
FAs and behavioral assessment of the rats through the use of the
three versions of the Morris water maze (MWM) [19].
Materials and methods
Animals and general procedures
Eighteen female Wistar rats from the Experimental Nutrition Laboratory
(Labne, Niteroi, RJ, Brazil.) were taken immediately after weaning (21 d). Theanimals were kept in individual cages, under humidity- and temperature-
controlled conditions (23  1C), with a 12-h light/dark cycle, and divided into
three groups according to experimental diet: a control group (CG) with a casein-
based diet; a ﬂaxseed group (FG) with a casein-based diet supplemented with
ﬂaxseed as a source of ﬁber and oil; and a modiﬁed control group (MCG) with
a casein-based diet supplemented with soy oil, with the aim of bringing the
proportion of lipids to that of the FGdiet. Flaxseedwas added to the diet because it
is a form of seed usually consumed in human food. The diets were consumed ad
libitum by the CG and FG and in the pair-feeding system by the MCG. Water was
ingested ad libitumbyall groups. In previous experiments, the FGwas observed to
have lower spontaneous food consumption than the CG. For this reason, the MCG
received a casein-based diet with proportions of lipids and ﬁbers equivalent to
that of the FG diet, in quantities equal to that consumed by the FG (pair-feeding).
After sexual maturation (90 d), three females were mated to one male. After
determination of pregnancy (observance of sperm in the vaginal secretion), the
dams continued receiving their respective diets until the end of lactation. After
delivery, the offspring were adjusted to six pups per dam to establish ideal lac-
totrophic performance conditions. The surplus pups were weighed and decapi-
tated for the removal and weighing of their brains. The brains were frozen in
liquid nitrogen for subsequent analysis of FAs. Weaning occurred on the 21st day
of life, with one male from each group (n ¼ 8), to obtain genetic diversity, being
randomly chosen and transferred to individual cages and continuing to receive
the same diet as their mothers.
All experimental diets were isocaloric, isoproteic, and normolipidic according
to the recommendations of the AIN-93 [20] (Table 1). The diets of the CG and the
MCG included additional cellulose and soybean oil, and the diets of the FG
included ground ﬂaxseed (i.e., brown ﬂaxseed, always lightly crunched when
preparing the diets, resulting in a powder that was incorporated into the other
ingredients). In the FG diets, it was assumed that the fat proportion was 10%,
equivalent to 25 g of ﬂaxseed.
The food consumption and weight gain of the animals were monitored
throughout the entire duration of the experiment. Because u-3 and u-6 FAs can
oxidize rapidly, the diets were conditioned in black bags and were kept refrig-
erated (4C) for a maximum period of 1 wk to prevent the oxidation of FAs.
All experimental procedures were conducted according to standards estab-
lished by the Brazilian College of Animal Experimentation (COBEA) and duly
approved by the research ethics committee of the Medical Department of Federal
Fluminense University (no. 188/06).
Biological assessment
For an analysis of growth and efﬁciency of the diets, the following criteria
were used: 1) protein efﬁciency ratio, which was calculated as the relation
between weight gain and protein consumption of animals 28 d after weaning,
Fig. 1. Relative food intake (grams per 100 g of body weight) by week fromweaning
until the ﬁnal period of biological evaluation in the CG, MCG, and FG (n ¼ 8).
* Signiﬁcant difference between the FG and CG (P < 0.05). # Signiﬁcant difference
between the FG and MCG (P < 0.05). y Signiﬁcant difference among the three
groups (P < 0.05). CG, control group; FG, ﬂaxseed group; MCG, modiﬁed control
group.
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which was determined by the relation between the weight-gain variation of
animals and the amount of food consumed, indicating how much of an increase
in an animal’s body weight was observed per gram of ingested food; and 3) net
protein retention, which was calculated from the bodyweight of an animal group
receiving a protein-free diet. The weight gain of the animals of the group being
tested was added to the weight loss of the animals of the protein group to
determine how much of the weight gain was due to protein intake [21].
Hippocampal FA proﬁle
Lipid extraction, saponiﬁcation, and methylation of FAs in the experimental
diets and hippocampus (both n ¼ 8) were performed in duplicate using 0.5-g
samples according to themethod of Lepage and Roy [22], which includes treatment
with2mLof4:1 (v/v)methanol:toluene solutionand theadditionof200mLofacetyl
chloride under light agitation. FA methyl esters were quantiﬁed by gas–liquid
chromatography inaPerkinElmerAutosystemXLchromatographwithan ionizable
ﬂame detector and Turbochrom software (Perkin Elmer, Norwalk, CT, USA). FAs
were separated in a 100-m  0.25-mm  0.20-mm capillary column (SP2560,
Supelco, Bellefonte, PA, USA), as described by Assumpc¸~ao et al. [23]. Esters were
identiﬁed by comparing their retention times with those of standard FAs (Sigma-
Supelco, Bellefonte, PA,USAandNuchek, Elysian,MN,USA.). Resultswere expressed
as percentages of total FAs.
Cognitive measurements
Thirty days after birth, the animals were subjected to theMWM, inwhich rats
learned to escape from water onto a hidden platform. The maze consisted of
a circular black tank (1.20m in diameter and 80 cm in height) based on themodel
proposed byMorris [19], and it was in a roomwith ﬁxed visual tracks on thewalls.
The tank was ﬁlled with water to a height of 60 cm and maintained at a constant
temperature (261C). Four starting positions (north, south, east, andwest)were
established by dividing the surface of the maze into four imaginary quadrants.
Spatialmemorywas evaluatedby training the animals toﬁnd a black 10-10-
cm platform submerged 1.5 cm under the water’s surface. Five attempts were
carried out per day over 5 consecutive days. The starting points were randomly
altered for each attempt, and the submerged platform remained in the same
positionduring theentirepractice. The interval betweeneach trialwas30min. The
animals had to swim to locate the hiddenplatform in 60 s (maximumtime),where
theywere allowed to stay for 10 s. If they failed to ﬁnd the platform, the rats were
placed on it for 10 s to associate spatial cues in the roomwith the position of the
escape platform. Afterward, the rats were returned to their home cages. Ten days
after the ﬁfth trial of the ﬁfth day (trial 25), the platformwas removed and the rats
were released in the quadrant diagonally opposite to the quadrant that previously
contained the platform and allowed to search for the platform for 120 s (probe
trial). The time spent in the target quadrant (where the platformhadbeen located)
was measured to investigate spatial memory storage.
The same maze was used to assess whether the rats had any locomotor
deﬁcits. After the probe trial, a white ball (7 cm in diameter) was used as a ﬁxed
visual track above the upper surface of the submerged platform, allowing the ball
to remain visible above the surface of the water. The animals had to swim to
locate the white ball in 60 s. Four attempts were carried out per day over
4 consecutive days.
During the experiments, a digital-camera system linked to a computer
captured the MWM images for subsequent analysis of swimming patterns. The
time (in seconds) spent by the rats to ﬁnd the hidden platform or white ball were
computed and termed the escape latency.
The animal being tested was placed in the mazewith its snout turned toward
the edge and allowed to swim freely to search for the platform. Between
attempts, the animals were dried with paper towels and placed in their cages to
wait for the next attempt.
Statistical analysis
The results found were expressed as mean  standard error of mean.
Statistical comparisons between groups were performed using the Kruskal-
Wallis test for independent variables. Correlations were made using Spear-
man’s correlation coefﬁcient. Statistical signiﬁcance was deﬁned as P < 0.05 and
P < 0.01. All analysis was carried out using SPSS 10 (SPSS, Inc., Chicago, IL, USA).
Results
Food ingestion, body and brain weights of pups after weaning
During the ﬁrst 2 wk (postnatal day [P] 7 and P14), there was
no signiﬁcant difference in relative food consumption amonggroups. During the second week, the FG already showed greater
food ingestion than the other groups (7% compared with the
MCG and 8% compared with the CG), although without statistical
signiﬁcance. During the third week, the FG already showed
signiﬁcantly greater relative consumption than the CG (15%) and
MCG (14%), which were similar. During the fourth week, the FG
showed greater relative food consumption compared with the
CG andMCG. A signiﬁcant differencewas not observed in relative
consumption between the CG and MCG (Fig. 1).
The body mass of the different groups is presented in Figure 2
with weekly assessment from weaning (P21, 3 wk postnatally)
until the end of biological growth assessment (P49, 7 wk post-
natally). The body mass of the CG (46.92  6.73 g) was greater
(P < 0.05) than that of the MCG and the FG from weaning
(39.67  3.69 and 38.25  5.71 g, respectively), which were
similar to each other. On P28, P35, and P42, statistical differences
occurred (P < 0.05) among the three groups studied. The CG
showed greater body mass, whereas the FG showed lower body
mass. At the end of study, the CG continued to have the greatest
body mass (172.08  14.62 g, P < 0.05), whereas the FG had
body mass values equal to those of the MCG (127.58  4.35 and
127.67  6.33 g, respectively).
Absolute brainweight was 13% lower in the FG (1.72 0.09 g)
and 19% lower in the MCG (1.61  0.03 g) compared with the CG
(1.98  0.04 g), with signiﬁcant difference (P < 0.05). However,
when evaluating the relative brain weight (grams per 100 g of
body weight) the FG (1.41 g%) and MCG (1.34 g%) showed
signiﬁcant (P < 0.05) increases of 29% and 23%, respectively,
compared with the CG (1.09 g%).
Biological growth, food and protein efﬁciency indicators
Table 2 presents the protein efﬁciency ratio, with the CG
presenting the highest values (P < 0.05), the FG showing the
lowest values (P < 0.05), and the MCG maintaining intermediary
values. The alimentary efﬁcacy coefﬁcient responded in a similar
way, with net protein retention showing lower values in the FG
(P < 0.05) and being equal between the CG and the MCG.
Proﬁle of diets and brain FAs
Tables 3 and 4 list the FA compositions (percentages) in the
experimental diets and in the hippocampi of pups at birth for the
Fig. 2. Weight gain (grams) afterweaning in theCG,MCG, and FG (n¼8). * Signiﬁcant
difference between the FG and CG (P< 0.05). # Signiﬁcant difference between the FG
and MCG (P < 0.05). y Signiﬁcant difference among the three groups (P < 0.05). CG,
control group; FG, ﬂaxseed group; MCG, modiﬁed control group.
Table 3
Fatty acid composition of total lipids in different experimental diets*
Fatty acid Control
diet (n ¼ 8)
Modiﬁed control
diet (n ¼ 8)
Flaxseed
diet (n ¼ 8)
18:0 3.44a  0.01 3.49a  0.04 5.24b  0.10
18:1 u-9 cis 22.34a  0.26 22.13a  0.10 22.98b  0.26
18:2 u-6 (LA) 53.69a  0.15 53.11b  0.14 14.41c  0.09
18:3 u-6 0.21a  0.01 0.19b  0.01 0.14c  0.05
18:3 u-3 (ALA) 5.39a  0.19 5.44a  0.03 46.15b  0.64
20:5 u-3 (EPA) ND ND ND
22:5 u-3 (DPA) 0.01a  0.01 0.02a  0.01 0.04a  0.04
22:6 u-3 (DHA) 0.01a  0.00 0.02a  0.02 0.02a,b  0.01
P
PUFAs u-6 53.72a  0.11 53.12b  0.15 14.42c  0.10
P
PUFAs u-3 5.83a  0.19 5.84a  0.04 46.33b  0.68
u-6/u-3 9.10a  0.03 9.23a  0.26 0.31b  0.00
P
EFAs 59.08a  0.25 58.55b  0.16 60.56c  0.72
P
LC-PUFAs 0.55a  0.07 0.44b  0.04 0.24c  0.06
P
SFAs 16.70a  0.22 17.35b  0.22 15.11c  0.89
P
MUFAs 22.90a  0.22 22.76a  0.09 23.43b  0.23
P
PUFAs 59.29a  0.25 58.75b  0.16 60.70c  0.75
ALA, a-linolenic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; DPA,
docosapentaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; MUFAs,
monounsaturated fatty acids; n, number of diets used; ND, not determined;
PUFAs, polyunsaturated fatty acids; SFAs, saturated fatty acids;
P
EFAs, sum of
essential fatty acids;
P
LC-PUFAs, sum of long-chain polyunsaturated fatty acids;
P
PUFAs u-3, sum of linolenic series;
P
PUFAs u-6, sum of linoleic series
* Values presented as mean SEM in weight percentage. Different superscript
letters in the same row are signiﬁcantly different from one another at P< 0.05 as
determined by Kruskal-Wallis test.
Table 4
Relative fatty acid composition (percentage of total fatty acids) in total hippo-
campal lipids of pups at birth in different groups*
Fatty acid Control group
(n ¼ 8)
Modiﬁed control
group (n ¼ 8)
Flax group
(n ¼ 8)
18:0 16.35a  0.38 16.82a  0.40 15.54b  0.24
18:1 u-9 cis 10.69a  0.33 10.32b  0.14 11.98c  0.17
18:2 u-6 (LA) 0.77a  0.00 0.81b  0.02 1.11c  0.12
18:3 u-6 0.05a  0.21 0.07b  0.01 0.08b  0.02
18:3 u-3 (ALA) 0.11ab  0.06 0.15a  0.01 0.08b  0.02
20:4 u-6 (ARA) 12.57a  0.25 12.87b  0.11 7.91c  0.29
20:5 u-3 (EPA) 0.15a  0.01 0.13b  0.02 0.05c  0.00
22:5 u-3 (DPA) 0.15a  0.01 0.10b  0.06 2.41c  0.22
22:6 u-3 (DHA) 10.41a  0.06 10.85b  0.53 14.33c  0.25
P
PUFAs u-6 16.75a  0.14 16.99a  0.25 9.96b  0.44
P
PUFAs u-3 10.67a  0.01 11.40b  0.61 17.32c  0.03
u-6/u-3 1.57a  0.01 1.49a  0.08 0.58b  0.02
P
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content of some FAs in the hippocampal formation of the young.
Proportions of ARA and DHA were practically undetected in the
diets; however, the relative amount of these FAs was expressed
in the hippocampus of all groups. The concentration of ARA of
the FG was signiﬁcantly lower than that of the other groups (P <
0.05). The percentage of DHA was signiﬁcantly larger (P < 0.05)
compared with the other groups. The predominant FA in the
diets of the CG and MCG was linoleic acid (LA; 53%), which was
decreased in the hippocampi of pups in the CG and MCG (<1%);
12% ARA was observed in these groups.
Behavioral measurements
The latency of the animals’ ﬁrst attempts to ﬁnd the
submerged platform was discarded because the animal did not
know where the platform was and the time spent looking for it
would not reﬂect memory behavior in this case.
On the ﬁrst practice day, the FG presented the lowest latency
compared with the CG (P < 0.05) and the MCG, which were
similar to each other (FG 35.14  3.60 s, CG 44.90  5.10 s, MCG
45.69  8.22 s). The same performance pattern was repeated on
the second and third days (FG 22.38 2.19 and 17.01 2.00 s, CG
29.65  2.15 and 22.95  2.32 s, MCG 29.55  5.33 and 23.11 
7.09 s). On the fourth practice day, there was no statistical
signiﬁcance in latency among the three groups, and on the ﬁfth
day the FG found the platform in a shorter time (8.70  2.24 s,
P < 0.05) than the CG (12.69  2.31 s). The MCG was similar
statistically to the FG and the CG, because those animals took
14.62  2.35 s to ﬁnd the platform (Fig. 3).
The time spent in the target quadrant in the probe trial is
shown in Figure 4. FG rats showed a preference for staying in this
quadrant, attaining values of 50.49  3.21 s (P < 0.05) compared
with the CG (34.78  3.15 s) and the MCG (38.71  4.13 s).Table 2
Biological indices*
CG (n ¼ 8) MCG (n ¼ 8) FG (n ¼ 8)
PER 3.37a  0.10 3.06b  0.18 2.87c  0.15
AEC 0.35a  0.01 0.31b  0.02 0.30c  0.02
NPR 4.29a  0.34 4.29a  0.39 3.39b  0.25
AEC, alimentary efﬁcacy coefﬁcient; CG, control group; FG, ﬂax group; MCG,
modiﬁed control group; n, number of animals used; NPR, net protein retention;
PER, protein efﬁciency ratio
* Values are presented as mean  SEM. Different superscript letters in the
same row are signiﬁcantly different from one another at P < 0.05 as determined
by Kruskal-Wallis test.In the test evaluating locomotor capacity, i.e., when the
animals were able to see the white ball indicating the location of
the platform, there was no statistical difference in the perfor-
mance of the experimental groups during the 4 d of practice
(Fig. 5).
The proportions of ARA were directly correlated to the best
memory performance in the CG and the MCG (P < 0.01), and the
FG showed an inverse correlation with DHA, attributing the
superior performance in the MWM to this FA (Figs. 3 and 4). InEFAs 0.88a  0.08 0.96b  0.04 1.18c  0.14
P
LC-PUFAs 26.69a  0.22 27.56b  0.41 26.15c  0.33
P
SFAs 49.82a  0.26 49.50b  0.02 49.39a,b  0.96
P
MUFAs 20.58a  0.50 19.71b  0.52 19.48c  0.27
P
PUFAs 0.93a  0.09 1.03b  0.05 1.25c  0.15
ALA, a-linolenic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; DPA,
docosapentaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; MUFAs,
monounsaturated fatty acids; n, number of brains used; ND, not determined;
PUFAs, polyunsaturated fatty acids; SFAs, saturated fatty acids;
P
EFAs, sum of
essential fatty acids;
P
LC-PUFAs, sum of long-chain polyunsaturated fatty acids;
P
PUFAs u-3, sum of linolenic series;
P
PUFAs u-6, sum of linoleic series
* Values presented as mean SEM in weight percentage. Different superscript
letters in the same row are signiﬁcantly different from one another at P< 0.05 as
determined by Kruskal-Wallis test.
Fig. 3. Morris water maze test (spatial memory). Latency (mean  SEM) to escape
from water to a submerged platform in the CG, MCG, and FG (n ¼ 8). * Signiﬁcant
difference between the FG and CG (P < 0.05). CG, control group; FG, ﬂaxseed group;
MCG, modiﬁed control group.
Fig. 5. Morris watermaze test (locomotor activity). Latency (mean SEM) to escape
from water to the platform with the visual cue in the CG, MCG, and FG (n ¼ 8). No
signiﬁcant difference among groups was detected (P > 0.05). CG, control group; FG,
ﬂaxseed group; MCG, modiﬁed control group.
F. S. Fernandes et al. / Nutrition 27 (2011) 1040–10471044the locomotor ability test, DHA levels of the three groups were
not correlated (P > 0.05) with average latency (Fig. 5).
Discussion
In this study on maternal ingestion of ﬂaxseed as a partial
source of proteins and an exclusive source of lipids and ﬁber in
the diet during the preconceptional, gestational, and lactation
periods of dams and postweaning periods of male pups until
a young age (49 d), there was a signiﬁcant decrease in total body
weight of approximately 22% after measuring the ﬁnal body
weight of the CG. Actually, the growth of the young of the FG was
shown to be inferior to that of the CG from lactation on, a ﬁnding
reﬂected in body weight during weaning.
The food consumption of the FG demonstrates an attempt at
recovering growth, because its relative consumption was greater
than that of the other groups from the third week onward.
However, the greater relative consumption was not enough for
complete growth recovery, because the FG reached the same
growth rate as the MCG only from weeks 1 to 5. It is worth
pointing out that the MCG, which was pair-fed with the FG,
consumed the same amount of food as the FG and thus exhibited
more efﬁcient growth. During weeks 2, 3, and 4, although the FG
and MCG received diets with the same distribution of macro-
nutrients, the quality of the fat source was different, providingFig. 4. Morris water maze test (probe trial with platform removed). Latency
(mean  SEM) spent in the target quadrant by the CG, MCG, and FG (n ¼ 8).
* Signiﬁcant difference between the FG and CG (P < 0.05). # Signiﬁcant difference
between the FG and MCG (P < 0.05). CG, control group; FG, ﬂaxseed group; MCG,
modiﬁed control group.the FG with more ALA and the MCG with more LA. Moreover, the
protein source for the FG differed from that of the MCG, because
casein was a main source for the latter, similar to that of the CG.
In fact, analysis of biological indicators through the protein
efﬁciency ratio showed that the protein of the ﬂaxseed diet did
not result in the same efﬁciency as that of the other diets,
promoting less growth. The alimentary efﬁcacy coefﬁcient
showed that for the FG, in terms of overall macronutrients, the
ﬂaxseed diet did not have the same biological efﬁciency in
promoting growth as that for the CG. The net protein retention
showed less protein efﬁciency in the ﬂaxseed diet, because the
CG and the MCG had similar results even with the same amount
of ﬁber. In this way, the quantitative proportion of ﬁber did not
justify the lower growth rate of the FG, although we cannot
discard the hypothesis that the presence of non-nutritional
factors such as phytate, lintine, and cyanogenic compounds
may also have contributed to the lesser growth in these animals
as a result of less protein absorption [24,25].
These data lead us to suggest that the lower growth rate in the
FG animals compared with theMCG, up to at least the ﬁfth week,
is probably a result of the source of protein and the source of
lipids in the diet offered. The literature shows that the deﬁcit of
body weight induced by protein restriction during the rapid
growth phase is not completely re-established by a normal diet
[26]. In this study, we can hypothesize that the same situation
occurred with the MCG, because it was pair-fed with the FG,
ingesting less protein than the CG starting with the intrauterine
phase and thereafter.
When the relative brain weight is taken into account, it is
possible to observe that there was a signiﬁcant increase in the FG
and MCG. This difference in relative brain weight is indicated by
the appearance of a large head in relation to the body, conﬁrming
previous studies that suggested the existence of mechanisms
capable of protecting essential tissues such as the brain [27].
Evolutionary perspectives on FA contributions to selection
pressures suggest that the LC-PUFAs may have played a role in
the enlargement of the human brain [28]. Other research has
proposed that LC-PUFAs were crucial in the development of the
human intellect [29].
With regard to fat sources, Table 4 presents the distribution of
FAs in each diet in the study. As expected with the 25% ﬂaxseed
diet rich in u-3 FAs, the most abundant FA was ALA, which was
present in a larger proportion, followed by oleic acid (18:1 u-9)
and LA. In a similar manner, in the soy oil diets, the u-6 PUFAs
comprised the larger proportion. The main representative was
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ARA and DHA in all diets should be highlighted. It is necessary to
ﬁnd alternative sources of u-3 FAs that are readily available in
large quantities, at low cost, and are renewable. An easy alter-
native to apply would be ﬂaxseed.
On evaluating the distribution of FAs and their content in the
overall lipids of hippocampal formation, it may be observed that
the proportion of FAs in hippocampal lipids differed substantially
from that in the diet consumed by the animals. All groups
studied presented a large proportion of saturated FAs in the
hippocampus. This likely results from the increased cerebral de
novo lipogenesis that is known to occur during the perinatal
period [4,30]. The proﬁle of the saturated FAs of the pups’
hippocampi showed a concentration of approximately 50%,
although these proportions in the diets were relatively small
(15% to 17%).
Another important difference was in ARA, EPA, and DHA,
which, even when undetectable or poorly concentrated in diets,
are found in an appreciable manner in the hippocampus. ARA
and DHA are synthesized from LA and ALA, respectively, through
a series of desaturation and elongation reactions of these
essential FAs [31,32].
The animals fed ﬂaxseed exhibited lower values of ARA in the
hippocampus; however, larger proportions of ALA, DPA, and DHA
were observed compared with values of the other groups.
Competition was observed between ALA and LA for desaturation
enzymes, with ALA being the preferred substrate of those
enzymes when in larger concentration [33]. In this way, the
larger proportion of ALA in ﬂaxseed in this study probably
favored the conversion of ALA into DPA and, hence, into DHA,
supporting the fact that ALA is indeed converted into DHA to the
detriment of the bioconversion of LA into ARA, a fact reﬂected in
the lower concentrations of ARA in the hippocampi of the FG.
One of the consequences of ARA deﬁciency is a growth deﬁcit,
whichmay well be due to its participation in hormonal synthesis
and DNA duplication [34,35].
Thus, because the brain is fundamental to an animal’s
cognition and behavior, we believe it is important to analyze
whether these FAs in the hippocampi of the pups fed ﬂaxseed
could inﬂuence the animal’s cognitive performance to bring
about some functional modiﬁcation. In fact, the FG animals
exhibited better spatial memory performance in the MWM than
the CG animals. Considering how spatial memory and learning
involves the hippocampus [36], the results showed a larger
content of DHA in this structure interfering with the ﬂuidity of
the neuronal membrane and somehow in cellular signalization,
which would facilitate transmission of synaptic impulses and
thus possibly favor the performance of the FG in this test. Long-
term administration of DHA improves the performance of radial
arm maze tasks in aged rats [37], and there is a correlation
between the level of u-3 FAs in brain phospholipids and learning
abilities in rats [38]. In this study, it was possible to observe that
the ﬂaxseed diet (whole grain), and not only the oil as a source of
u-3 FA, used in other tests, improved the spatial memory of
young male rats.
Pothuizen et al. [39] investigated the involvement of different
areas of the hippocampus on the type of memory used (opera-
tional or spatial). To do so, they provoked complete or limited
lesions to the ventral or dorsal regions of the hippocampus,
encountering damage to operational and spatial memory only in
animals with a lesion on the ventral hippocampus. In the same
way, the best performance in the MWM test may be associated
with the FG’s accumulation of DHA in those regions. In spatial
memory, the DHA concentration was correlated with the lowestlatency in the MCG and the FG. That correlation also existed
in the CG, although without statistical signiﬁcance. Some
researchers have shown DHA-induced neurite growth, syn-
aptogenesis, synapsin, and glutamate receptor expression. Glu-
tamatergic synaptic function may represent important cellular
aspects supporting hippocampus-related cognitive function
improved by DHA [40].
It is important take to into account the duration of exposure
to diets rich in u-3 FAs because some studies are made over two
or four generations [38,41]. This study assessed the effects of
ﬂaxseed as a unique source of lipids for two generations, but
a different improvement of spatial memory was reported by
Carrie et al. [42] who found no differences between groups for
the MWM or passive avoidance in mice supplemented with
phospholipids rich in u-3 PUFA.
Damage to spatial memory and learning in underfed animals
has been correlated to physiologic and neuroanatomic changes
to the hippocampus, mainly in the CA3 and CA4 regions [43], in
FA distribution in the hippocampus, frontal cortex, and cere-
bellum [44]. These data suggest that DHA formed from the die-
tary ALA of the FG positively interfered with those structures. All
groups achieved a similar level of performance, which shows
that the deﬁciency in growth of the FG animals did not cause
motor damage, because their swimming ability was similar to
that of the CG.
In the probe trial, DHA concentration showed a correlation
with greater latency in the quadrant that previously had the
platform or, in other words, better performance by the FG,
whereas the concentration of ARA correlated with lower latency
in the CG and MCG.
That association between greater latency and poorer perfor-
mance in the MWM test could be attributed to swimming speed,
because the heavier the animal is, the slower its swimming
speedwill be [45]. In the present study, swimming speedwas not
analyzed. However, in the test with the visible white ball, there
was no difference in latency among the groups studied, and if the
CG animals had slower speed, they probably presented higher
latency, because latency and speed are correlatedmeasurements.
In relation to body weight, the application of statistical tests for
this variable did not indicate a correlation between the behav-
ioral tests and theweight of the animals. Moreover, from the ﬁfth
week on, the MCGmaintained body weight similar to the FG and
exhibited poorer performance associated with larger concen-
trations of ARA.
It is noteworthy that ARA supplementation does not interfere
in the number of dendritic spines in hippocampal gerbil brain
neurons in vivo [46] and does not affect the levels of speciﬁc pre-
and postsynaptic proteins (syntaxin-3, post sinaptic density-95,
and synapsin-1) [47]. Memory consolidation and reconsolida-
tion mechanisms must undergo a protein synthesis–dependent
process [48]. The molecular mechanism by which the decrease
of ARA affects the memory of these animals remains to be
discovered. Our research group is currently investigating this
question.
Flaxseed is an oilseed that contains phytoestrogens (lignans).
The main lignan in ﬂaxseed is secoisolariciresinol diglucoside,
which is metabolized after ingestion by gut microbes via agly-
cone secoisolariciresinol into mammalian lignans enterodiol and
enterolactone [49]. Long-term maintenance (9 wk) of ovariec-
tomized rats on diets containing high phytoestrogen levels
compared with diets with minimal phytoestrogens was associ-
ated with better performance in spatial memory tasks, object
placement, increased dendritic spine density in CA1 and
prefrontal cortex pyramidal neurons, and greater uterine
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better spatial memory of the FG is that adult hippocampal neu-
rogenesis has been linked to the formation and/or consolidation
of spatial long-term memory [51]. Neurogenesis occurs within
the adult dentate gyrus of the hippocampus, and it has been
proposed that newly born neurons, recruited into the pre-
existent neuronal circuits, might be involved in hippocampal-
dependent learning processes [52] and that long-term
treatment with antidepressant serotonin reuptake inhibitors
increases neurogenesis in adult rat hippocampus, indicating that
the u-3 FAs in ﬂaxseed may increase serotonin release or
decrease its reuptake [53].
A second means by which these diets may be inﬂuencing
neurogenesis is through u-3 modulating the levels of cytokines,
which in turn regulate immune function. For example, EPA
inhibits the release of the cytokine interleukin-1b [54], and these
molecules, interleukin-1 and tumor necrosis factor-a, have been
implicated in the mechanisms that regulate cell neurogenesis
[55]. The u-3 FAs also inﬂuence the levels of neurotrophins,
molecules that promote neuronal survival and growth. Among
the neurotrophins, levels of brain-derived neurotrophic factor
are altered by intake of u-3 FAs [56] and brain-derived neuro-
trophic factor is associated with changes in neurogenesis and
neuronal survival [57]. Thus, although the speciﬁc effects of
cytokines and neurotrophins on neurogenesis, fate, and cell
survival are still unclear, the association between u-3 FA and the
regulation of these classes of molecules has not been widely
discussed. This is another very important factor, because the
literature indicates that DHA levels in the rat brain increase from
embryonic days 14 through 17, which coincides with the peak of
neurogenesis [58].
A limiting factor to be considered in this study is that the
imbalance observed between u-6 and u-3 cannot be extrapo-
lated to humans, because ﬂaxseed was the only lipid source in
the diet. Human food has a greater variety of lipid sources.
However, the u-6/u-3 ratio must be observed by respecting the
needs of the organism, mainly during vulnerable periods such as
gestation and lactation. Moreover, another limiting factor is the
conversion of ALA to DHA. It is low in humans, with less than 1%
of dietary ALA converted to DHA [59–61]; a higher dietary intake
of ALA does not increase DHA in blood lipids of pregnant women
or their newborn infants [62]. In animals, some studies have
found a good rate of conversion from ALA to DHA [6,13], which
was conﬁrmed by our study. Thus, the data in this study should
be usedwith cautionwhen extrapolated to humans. Flaxseed has
been the focus of interest in the ﬁeld of food supplements
because of its potential health beneﬁts; however, Troina et al.
[63] showed that ﬂaxseed consumption during lactation did
affect the lipid proﬁle, adipose tissue, and sexual function in
adulthood, probably due to hyperestrogenemia and hyper-
leptinemia at weaning. Thus, consumption of ﬂaxseed during
development cannot be associated with potential health beneﬁts
in offspring and more studies are necessary.
Conclusion
The results suggest that a ﬂaxseed diet during the perinatal
and postweaning periods improves cognition to the detriment of
growth. Theu-6 FAsmust also be taken into account, because the
altered ratio u-6/u-3 can contribute not only to a deﬁcit in
growth but also to a variety of metabolic changes involving
synthesis of prostaglandins, leukotrienes, and thromboxanes,
thus interfering with hormonal production, fertility, immunity,
and response to inﬂammation. For this reason, there must becaution in encouraging the intake of ﬂaxseed during pregnancy
and lactation, which may contribute to the genesis of chronic
disease in offspring in adult life.References
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